Fish meat emulsion was prepared from egg-yolk, very low-lipid sardine meat (which was prepared through grinding or suspending in weak alkaline solution), salad oil, and vinegar. The microstructures of the oil droplet surface and myofibrillar matrix were investigated. By Polytron homogenization, the myofibrils were shattered to a much smaller size in ground-meat emulsion, according to the original smaller fragment size. The network structure was fornred by the myofilaments spread apart from the shattered myofibrils in the fish nreat emulsion. The mesh size of this structure was smaller in the ground-meat emulsion than in the suspended-meat one and corresponded to the oil droplet size. In the suspended-meat emulsion, the oil droplet size was smaller at oil ratio 1.1 to sardine meat than at the ratio 1.6. In the non-fish conventional emulsion, the viscosity increase due to the dispersion of oil droplets to the egg-yolk matrix was not sufficient to prevent irreversible shear breakdown induced by coalescence.
ratio 0.1 was superior with respect to flow property and droplet size uniformity, In PMM-B emulsion with an oil ratio of 1. I or 1.6, the irreversible shear breakdown and the droplet 1) In this report, the amount ofemulsion constltuents (e.g., egg-yolk, salad oil, vinegar, and added water) was described as a ratio to sardine meat. Herelnafter, only a ratio was described in order to avoid the repeated expression to sardine meat. In certain cases, the type difference of very low-lipid sardine mlnced meat was specified for the presentation of a ratlo. size nonuniformity were observed at water ratios O and O. 1, and the thixotropy and the droplet size uniformity were observed at water ratios 0.2 and 0.3. However, the sample at water ratio 0.3 was not thick enough as a dressing. Therefore, in the PMM-B emulsion, the sample with water ratio 0.2 at an oil ratio of I .1 or 1.6 was superior with respect to fiow property and droplet size uniformlty.
Optical microscopy was useful in observing oil droplets larger than 5 pm in diameter and taking a general wide-range view, but this technique was not suitable for determining the modal diameter of an oil droplet usually smaller than 5 pm or observing the oil droplet surface and the myofibrillar matrix structure . In the present study, the oil droplet and the myofibrillar matrix were observed three-dimensionally at high magnification by scanning electron microscopy. The microstructures of the three superior samples, i.e., the PMM-A emulsion with an oil ratio of I .1 at water ratio O. I and the PMM-B emulsions with an oil ratio of l . I or I .6 at water ratio 0.2, were compared.
Furthermore, the microstructures of the non-fish conventional emulsion and the fish meat emulsion were compared, and the different features of the fish meat emulsion were described regarding the role of the fish myofibrillar matrix.
Materials and Methods
Very low-lipid sardine minced meat Two types ofvery low-lipid sardine minced meat were prepared in the pilot plant of Taiyo Fishery Co., Ltd., in Nagasaki Prefecture, as previously reported (Nakayama et al, 1995 .
Manufacturing of fuh meat emulsion The fish meat emulsion was prepared from PMM-A or PMM-B as previously reported (Nakayama et al, 1992 (Nakayama et al, , 1995 . Egg-yolk was used as an emulsifier. To adjust 1% Tannic acid in water at 20 ~C Observing by the scanning electron microscope Fig. 1 . Sample preparatlon for scannlng electron mrcroscoplc observation the moisture content of the emulsion, the ratio of water added to PMM-A and PMM-B was set at 0.1 and 0.2, respectively (Nakayama et a/., 1994) . With these water ratios, superior flow property was exhibited in the PMM-A and PMM-B emulsions (Nakayama et aZ, 1996) . The constituent ratio of the fish meat emulsion was PMM-A or PMM-B : egg-yolk : salad oil : vinegar =1 : 0.7 : 1.1 or 1.6 : 0.33
For an examination of the role of PMM, the non-fish conventional emulsion was prepared omitting PMM in this constituent ratio example. For an examination ofthe role of both PMM and salad oil, both PMM and salad oil were omitted.
Electron microscopy The sample preparation procedure for electron microscopic observation is shown in Fig. I .
From a 30-ml syringe with disposable pipette tip, several droplets of each emulsion, approximately I .5 mm in diameter,
were extruded onto the surface of a O. I M phosphate buffer solutlon (pH 7.3) containing 2.5% glutaraldehyde at 4'C and prefixed overnight. They were then postfixed with l% Os04 in a O. I M phosphate buffer (pH 7.3) at 20'C. After dyeing by 1% tannic acid, the samples were dehydrated with ethanol and then with isoamyl acetate and dried by a critical point drier (HPC-2, Hitachi, Hitachinaka). Each sample globule was divided into two, and the divided surface was coated with gold in an ion spatter (JFC-lIOO, Jeol, Akishima). It was examined by a scanning electron microscope (JSM-T200, Jeol; S-4000, Hitachi; S-900, Hitachi).
Measurement of fow property The shear rate sweep measurement was carried out with a cone-and-plate rheometer (NRM-lOO, Nihon Rheology Kiki Co., Ltd., Funabashi) using a cone (top platen) having an angle of 3' and a radius of 3.68 cm. The plate (bottom platen) of the instrument was theamostated at 5+0.2'C. The maximurn shear rate was 200 s~1, and the sweep times taken for the increasing shear-rate curve and the decreasing one were both IOO s. The power law equation was used to express the flow property during the shear-rate sweep measurement, as reported in the previous paper . The flow property of a system composed of egg-yolk and vinegar belonged to a liquid-type, such as water. The coneand-plate rheometer was inapplicable to this system. Therefore, a coaxial cylinder-type viscometer (BL adapter, Tokyo Keiki Co., Ltd., Tokyo) was used for the measurement of viscosity. The ratio of the inner cylinder's radlus to that ofthe outer cylinder was 0.908. The sample temperature was maintained at 5~0.2'C by a thermostated water bath surrounding the measuring head. The shear rates 2.28, 4.56, 1 1 .4, and 22.8 s~1 were applied to the sample for 20 s each.
Results
The arrangement of muscle fibers in fish is quite different from that in birds and mammals and is based on their In the preparation of fish meat emulsion, PMM-A or PMM-B was homogenlzed and emulsified with the other ingredients by a Polytron homogenizer. In this process, myofibrils which constituted PMM-A or PMM-B were shattered into fragments. The fragments of myofibrils scattered among oil droplets were seen in the micrographs as shown in Fig. 2 . The fragments having a diameter of 0.3-0.5 pm and a length of 3.9-5.3 pm were frequently seen in the PMM-B emulsion irrespective of oil ratio 1.1 or 1.6. Fragments of this size were not seen in the PMM-A emulsion, and the myofibrils were shattered to a much smaller size O. I -0.4 pm in diameter and 1.7-2.4 pm in length. This difference in final fragment size was ascribed to the original fragment size in PMM-A and PMM-B, because the grinding process in the preparatlon of PMM-A produced the smaller size muscle fiber fragments, 2-20 pm in diameter and l0-300 pm in length, 60% of which was shorter than 125 pm, while the PMM-B contalned fragments longer than 1000 pm at 80%.
In the PMM-A emulsion with water ratio 0.1 at oll ratio l , l, the modal diameter of the oil droplet was 0.55 pm, while T. NAKAYAMA & H. TOMITA in the PMM-B emulsions with water ratio 0.2 at oil ratios 1. l and 1.6, it was 0.95 and I .47 pm, respectively.
The oil droplets and matrix structure in fish meat emulsion and non-fish conventional emulsion are shown in Figs. 3 and 4. To detect the matrix structure difference between these emulsions and also to observe a possibly wider range, the microscopic observations were made at 7500 magnifications. The modal diameter of the oil droplet was 2.20 pm in the non-fish emulsion, and larger than in the fish meat emulsions.
A coarse honeycomb structure with densely packed thick walls was observed in the matrix of the non-fish emulsion, In this study, the optical microscopic modal diameters of fish meat emulsion previously reported were reconfirmed at 7500 magnification, and the mesh size of the network structure made of fine filaments corresponded to the size of the oil droplets. The mesh size of the matrix network structure was the first-finest in the PMM-A emulsion with water ratio O. I at oil ratio I . 1, and the second-finest in the PMM-B emulsion with water ratio 0.2 at oil ratio 1. l.
The oil droplets and myofibrlllar matrix in the fish meat emulsion were observed at 20000 magnificatlon to investigate the surface structure of the droplet and the dispersed state of the filaments, which are shown in Fig. 5 . All the oil droplets were globular and possessed an almost-smooth surface to which the scattered yolk particles adhered. The modal diameters of the oil droplet In fish meat emulsions were reconfirmed also at 20000 magnlfication, and the mesh size of the network structure made of fine filaments corresponded to the size of the oil droplets. In the PMM-A and PMM-B emulsions at oil ratio I ,1, the continuous phase around the droplets was thick, while in the PMM-B emulsion at oil ratio l.6, it was thin. This thin continuous phase between droplets in the latter emulsion coincided with the fact that the large oil droplets dispersed with high-oil content were surrounded by the same total amount of continuous phase.
A fragment of myofibril laid among oil droplets was observed at both 20000 and 30000 magnifications, as shown in Fig. 6 . The myofibril generally I pm in diameter became slender. A few occurrences of its bundle structure approximately 0.5 pm in diameter at the thickest were detected in the left of Fig. 6 , and such bundle structure was also seen in Fig. 2. Many usual occurrences of its filamentary component were observed in the right of Fig. 6 . In the PMM-A emulsion at oil ratio I .1, it was confirmed that the bundle structure was composed of filamentary components (left top of Fig. 6 ). The scattered yolk particles adhered to the surface of the bundle structure and also to each filarnentary component which was spread apart from the bundle. The total amount of yolk particles which adhered to the surface of the filamentary component was smaller in the PMM-B emulsion at oil ratio l.6 than in the PMM-A and PMM-B emulsions at oil ratio 1 . I , because the larger amount of yolk was expended on the surface of each large oil droplet with a high-oil content. The mesh size of the network structure made of filamentary components was finest in the PMM-A ernulsion at oil ratio 1.1. In the PMM-B emulsion, it was finer at oil ratio 1.1 than at oil ratio 1.6. This mesh size of the network structure Oil droplets and myofibrillar matrix in fish meat emulsion with addition of egg-yolk, observed at a low magnification. 60000 magnification to detect the detailed characteristic feature, as shown in Fig. 7 . The diameters of a bundle and a filament were approximately 0.500 pm (i.e., 500 nm) and 0.035 pm (i.e., 35 nm), respectively (left of figure) . A typical feature seen was that the filaments were spread apart from a bundle between oil droplets (middle of figure) and the network structure of filaments was formed (left of figure) . From these spreading filaments and the network element, the diameter of a filament was also calculated as 0.035 pm. The diameters of thick and thin filaments in the muscle were 0.01 5 and 0.007 pm, respectively (Takahashi, 1983; Eskin, 1990a) . The cross-bridge of filaments and the network structure were observed, but the filaments which adhered to the surface of the oil droplets were not detected. Therefore, some filaments existed in the vicinity of the oil droplets, and the other filaments surrounded them. However, there was not a strong binding between the filament and the oil droplet, and during shear application each of them could move independently.
At the high shear rate the oil droplets deformed and sometimes coalesced if the network structure could not hold them tightly by entanglement and the viscous environment.
Because the egg-yolk was made of globular substances including emulsion stabilizers, such as low-density lipoprotein, myelin, and high-density lipoprotein (Powrie & Nakai, 1985; Penfield & Campbell, 1990) , the non-fish conventional emulsion in which the yolk matrix structure In fish meat emulsion, the filamentary component of network structure was tnade of fibrous proteins, and the entanglement of fibrous protein polypeptide chains was included in the network structure. Therefore, the fish meat matrix was viscous and could hold the oil droplets tightly in it; the fish meat emulsion exhibited a weak trend of thixotropy. When the shear rate sweep measurement was repeated using the same sample after a rest period of I h, the fiow curve with the perfect restoration, which was almost the same as the previous one, was obtained.
In the system composed of egg-yolk and vinegar ( PMM matrix decreased the shear stress at 2.28 s~1. However, the shear stress at 22.8 s~1 remained almost unchanged in the PMM-A emulsion and increased in the PMM-B emulsion.
The shear stress at 200 s~1 remarkably increased to 320. 100 and 318, 160 Pa in these emulsions.
The addition of more oil (final oil ratio 1.6: right bottom of Fig. 9 ) did not bring about a further increase in shear stress; on the contrary, it decreased It. The shear stresses at 2.28, 22.8, and 200 s~1 were 77.600, 1 55.200, and 304.968 Pa, respectively.
In fish meat emulsion, the network structure made of myofilaments (Figs. 3, 5, 6 and 7) showed a remarkable increase in viscosity (Fig. 9 ) and held the oil droplets tightly during the application of high shear rates to prevent coalescence.
Discussion
Microstructure required for shearstability content of stroma protein (Hultin, 1985; Eskin, The lesser 1990b) and the shorter length of muscle fiber (Rodger & Wilding, 1990) are necessary to fully demonstrate the movement and migration in sea water flexing the fish body. These characteristics in fish muscle were related to the ease in the deformation of the protein network in the fish meat emulsion. Such fish protein network (Fig. 7) Filaments spread apart from bundle Network structure of filaments Network formation process of filaments dispersed from fragmented myofibril. Role of each ingredient in flow property of fish meat emulsion with addition of egg-yolk.
SheGr rote (s~1)
For the rheological parameters, refer to Table 1. parameter values, which were obtained from the emulsions with less water ratios, changed during the storage. These emulsions with less water ratios led to oil separation when extruded through the tip of a syringe for fixation in microscopy. In addition, these latter emulsions were so brittle after fixation that the smooth surfaces were not produced when dividing the sample in two for coating with gold. Therefore, they were not suitable for electron microscopy. In the former stable ones, the sample emulsions with water ratio 0.3 were too soft after being fixed for electron microscopy and broke down into pieces when dividing the sample in two for coating. They were not suitable for electron microscopy, either.
When our fish meat emulsions vacuum-packed in a plastic bag were kept in contact with ice, their cream color turned greenish yellow and some change in the flow property, detectable by our fingers, was induced. When they were frozen, the separation of oil phase was induced. Therefore, a cryo-method of scanning electron microscopy was not applicable to them.
A fixing and dewatering method of scanning electron microscopy could reconfirm the oil droplet size which was previously estimated in optical microscopy . The structure of the myofibrillar matrix surrounding the oil droplets might be slightly changed from the native state by a fixing and dewatering method. In our observation, however, the filaments in a myofibril, those filaments spread apart from their bundle, and the network structure of those filaments were precisely related to each other irrespective of the execution or non-execution of oil droplets extraction. Therefore, our findings were reliable and suggested that the general features of the matrix structure in fish meat emulsion Table I . were verlfied.
Pertinent Jiow property of our fuh meat emulsion In
French-type and American-type commercial mayonnaise (Nakayama et a[, 1993) , the shear rate sweep data up to 50 s~1 existed on the curve drawn by the power law equation. When the shear rate became larger than 50 s~1, the structure was broken down. The experimental points deviated from the power law curve, and large hysteresis loop areas, 12335 and 12843 Pa's~1, were exhibited. Recently, a new mayonnaisetype product "Q. P. HALP" was developed as a healthy food with low oil content, half as much as the content in the French and American types. The structure instability during shear was improved in this product, and a small hysteresis loop area, 2505 Pa's~1, was exhibited (Fig, 10 and Table l ).
This improvement was attained by the use of a thickener (i.e., viscosity builder polysaccharide). Our fish meat emulsion also showed a small hysteresis loop area between 4984 and 6414
Pa's~1 ( Fig. 9 and Table I ). The addition offish meat to the emulsion system improved the structure instability during the shear.
The system composed of egg-yolk and vinegar showed Newtonian viscosity (Fig. 8) . The participation of the dispersed oil in this systern brought about the pasty fiow property of non-NewiOnian viscosity. In this non-fish conventional emulsion, oil separation was induced after shear application up to 200 s~1. Its hysteresis loop area, I 0200 Pa' s~1, was large (Table l) . Three kinds of fish meat emulsion showed the very similar flow property of high viscosity in spite of different mesh size in their network structures, and they were stable without the oil separation in the shear and during storage. The new emulsified product "Q. P. HALF" contained almost the same amount of oil as our fish meat emulsions and prevented oil separation by the aid of a thickener Thrs "Q. P. HALF" and our fish meat emulsion exhibited a similar flow behavior index, n, and similar yield stress, C, in the increasing shear rates (Figs. 9 and lO; Table l ), and their hysteresis loop areas were both appropriately small. Therefore, our fish meat emulsion was recognized as a satisfactory emulsified food system.
Whether the network structure of the fish meat matrix in the fish meat emulsion was fine or relatively coarse, the emulsion was stable during the shear, if only the network structure was well formed holding the oil droplets tightly and avoiding their coalescence. Therefore, fish meat emulsion containing such fish meat network structure was more stable during the shear than the non-fish conventional emulsion containing the coarse honeycomb structure of the egg-yolk matrix with densely packed thick walls.
